Abstract In the search for tools for evaluating the effects of national action plans combating diffuse nutrient pollution causing eutrophication of surface waters, a study of the nitrogen (N) flow in 17 Danish agricultural catchments was carried out. Data on N input and N harvest for the agricultural year of 1993/1994 was obtained from questionnaire surveys facilitating the set up of N balances. Net export of N from the catchments measured at the outlet was obtained from time-series of stream water chemistry and discharge from [1993][1994][1995][1996][1997]. N leaching from the root zone of each field was calculated using an empirical model. A physically based lumped rainfall-runoff model was used for separating the hydrograph time-series into three runoff components: baseflow, interflow and overland flow. Large regional variations in net N input were found ranging from 62 kg N ha -1 yr -1 in the loamy eastern part of the country dominated by cereal production to 137 kg N ha -1 yr -1 in the western part characterised by less fertile sandy soils and dominated by animal husbandry. N leaching from the root zone showed a corresponding variation with regional averages ranging from 34.5 kg N ha -1 yr -1 to 90.9 kg N ha -1 yr -1 . No similar regional pattern could however be found regarding net N export, and no relationship could be established between net N export and root zone N leaching. This finding was ascribed to a varying and in some catchments very high (>80%) N retention during subsurface transport to the stream. The hydrological modelling revealed that loamy catchments had a high proportion of quick flow (overland flow + interflow), whereas baseflow dominated the sandy catchments. Further, a highly significant relationship between N retention and proportion of quick flow was found emphasising the importance of understanding the hydrological pathways. This should be taken into consideration when evaluating the N loading of surface waters resulting from a given agricultural practice and the effects of possible changes in this practice.
Introduction
In Denmark agricultural production is very intensive and the use of N in mineral fertiliser and manure is among the highest in Europe (Stanners and Bourdeau, 1995) . Moreover, agricultural land constitutes about 64% of the total Danish land area of which more than 90% is arable (Iversen et al., 1997) . The pressure of the agricultural sector on aquatic ecosystems is therefore of great importance in Denmark. Eutrophication of Danish coastal waters is greatly influenced by excessive diffuse N-loading of which on average 80% are derived from agricultural areas (Kronvang et al., 1993 (Kronvang et al., , 1996 .
In general much more N is applied to agricultural land than harvested with the crops and a large part of the N surplus leaches out of the root zone to groundwater or directly to surface waters via drains (Kronvang et al., 1995) . The amount of N leached from the root zone does not necessarily correspond to the amount of N which is delivered to surface waters because nitrate is removed during transport in subsurface waters due to denitrification processes (Postma et al., 1991; Andersen et al., 1999) .
The results of the first ten years of the Nationwide Monitoring Programme under the Danish Action Plan on the Aquatic Environment show that nitrate leaching from the root zone of agricultural land has decreased by an average of 24%, whereas discharge-corrected nitrate transport in the watercourses has only decreased by 7% (Andersen et al., 1999; B¿ gestrand,1999) . This discrepancy emphasises the need for a bet ter understanding of the hydrology, nutrient pathways, buffer capacity and inertia at the catchment level. Catchment scale analyses of nutrients have therefore been included in the current revised Nationwide Monitoring Programme.
This paper examines the relationship in 17 Danish catchments between N surplus, root zone N leaching and N losses to surface waters taking into account the concept of hydrological pathways as a Þ rst step towards a thorough modelling of nutrient ß u xes within catchments.
The catchments studied
The 17 catchments studied are part of the Nationwide Monitoring Programme under the Danish Action Plan on the Aquatic Environment (B¿ gestrand, 199 9) . Catchment sizes ranges from 3.5 km 2 to 22 km 2 (mean size 10 km 2 ) and includes 3Ð 46 farms (average 19 farms). Agriculture is the dominant landuse occupying at least two-thirds of the area. The drained area of the catchments typically ranges from 30% to 70%. Distributed across the country ( Figure 1 ) the catchments cover the soil types, climatic conditions, and farming practices found in Denmark: loamy soils of The Islands and East Jutland, and sandy soils of West and North Jutland (Table 1) , a general increase in precipitation from the east to the west of Denmark, and a tendency to a higher number of livestock per unit area from east to west.
Methods
Questionnaire survey of farming practice
During 1995 a questionnaire survey was carried out among the farmers in all 17 catchments covering the agricultural year of September 1993Ð August 1994. T he objective of the survey was to improve the analysis of the relationship between agricultural practices, consumption of mineral fertiliser and manure and resulting N losses to the aquatic environment. Specifically, information required for modelling N leaching from the root zone was collected. The questionnaire covered at the farm level the questionnaire covered: livestock units, productions of slurry/manure and storage capacity for manure. At the field level the questionnaire covered soil type, crops, yields, use of crop residues, the date for all field activities and N application in the form of mineral fertiliser and manure. The N leaching from the root zone from all the individual fields (about 7500 in total) was estimated with an empirical leaching model which takes into account the actual agricultural practice (Simmelsgaard, 1991; Andersen et al., 1999) . The model is based upon a large number of controlled field and lysimeter experiments and calibrated against measurements of N concentrations in the soil water of 40 fields. N leaching is described as a function of applied N (mineral fertiliser and manure), percolation through the root zone, i.e. net precipitation, and crop and soil type (loam or sand). Leaching is calculated as:
where Y is the leaching at actual fertilisation (kg N ha Ð 1 yr Ð 1 ), Y s is the leaching at standard fertilisation (kg N ha Ð 1 yr Ð 1 ), X is the actual fertilisation, effective N (kg N ha Ð 1 yr Ð 1 ), assuming an effective N value of 40% in manure, X s is the standard fertilisation, effective N (kg N ha Ð 1 yr Ð 1 ), a is 0.4 ¥ (total N in manure)/X, and VT is the effective N value in manure (%). The model basically consists of two elements: a table of standard values for N leaching from major crops grown on sand and loam, and the above shown exponential relation between N fertilisation and N leaching. In the present context where information is only available for one agricultural year, and since root zone N leaching depends very much on the actual climatic conditions, it is chosen to express standard values for N leaching (Y s ) at normal percolation (1970Ð 1990) . Hence, the estimates for N leac hing obtained with the model are normal values independent of climatic conditions during 1993/1994 and therefore solely reflect agricultural practice.
Stream water sampling, analysis and load estimation
Water sampling in the streams draining the 17 catchments is conducted at weekly intervals during the high flow winter period and fortnightly intervals during the low flow summer period. Water samples are immediately transported to regional laboratories and analysed for N fractions utilising standardised analytical methods as previously described (Kronvang et al., 1993) . Daily N concentration is calculated by linear interpolation between each water sampling date. N loading is then calculated by summing the product of daily discharge and daily N concentration over the period in question. The N loss to surface waters from agricultural areas in the catchments is calculated as the annual measured total N loss minus both point source N loading, N loading due to scattered dwellings and the background N loss from uncultivated areas in the catchments. The latter is obtained from annual measurements in seven small non-agricultural Danish catchments (Kronvang et al., 1993) . Since N loss varies considerably interannually due to changing climatic conditions (B¿ gestrand, 1999 ) mean values for annual N loss (1993Ð 1997) are calculated in order to match the climatically i ndependent estimates for root zone leaching.
Hydrologic modelling
The hydrology of all the catchments is modelled using a 10 parameter lumped rainfallrunoff model, NAM, (Nielsen and Hansen, 1973; Danish Hydraulic Institute, 1999) . The model generates continuous time-series of daily discharge apportioned as baseflow, interflow and overland flow.
The input data consist of daily mean temperature and evapotranspiration and precipitation data, obtained from the nationwide grid datasets maintained by the Danish Meteorological Institute (Scharling, 1998) . The model is calibrated on the first half of the time-series using a split sample test and then tested on the second half of the time-series.
The contribution of each hydrologic pathway (overland flow, interflow and baseflow) to total streamflow is calculated as average values for 1993Ð 1997 in order level out interannual climatic variations (Figure 2 ).
Results and discussion
Average N surplus at the field level has been calculated for the catchments in order to characterise agricultural practices and to illustrate the potential for N leaching (Tables 1 and 2 ). All inputs are quantified (mineral fertiliser, manure, N fixation, atmospheric N deposition); however, outputs in the form of NH 3 Ð evaporation and denitrification are ignored. Large regional variation in N surplus was found to range from 62 kg N ha Ð 1 yr Ð 1 in the loamy eastern part of the country, dominated by cereal production, to 118Ð 137 kg N ha Ð 1 yr Ð 1 in the western part having less fertile soils and with a larger proportion of animal husbandry and hence fodder production.
N leaching from the root zone shows the same regional pattern as N surplus ranging from 34.5 kg N ha Ð 1 yr Ð 1 in the east to 90.9 kg N ha Ð 1 yr Ð 1 in the western part of the country. A significant empirical relationship between N surplus and N leaching could be established (R 2 = 0.50, p<0.01). Net export of N from the catchments (N loss), on the other hand, is almost the same among the regions owing to a varying and in some catchments very high (>80%) N Table 1 Key figures from the study presented region-wise: N surplus at the field level (1993/1994) , N leaching from the root zone (at normal climatic conditions but reflecting agricultural practice during 1993/1994), N loss from agricultural areas measured at the outlet of the catchment (average 1993-1997) , N retention (difference between N leaching and N loss) 3 S = sands, L = loamy, S/L = a mixture of sandy and loamy soil (Table 2) . A regression analysis between N loss and N leaching showed zero correlation (R 2 = 0.00047).
To better evaluate the effects of politically adopted measures against diffuse N pollution, we need to enhance our knowledge of the relationship between agricultural practice and resulting N loss. Modelling of the catchment hydrology was undertaken to elucidate the importance of hydrological pathways. In the present study, overland flow, interflow and baseflow are assumed to be the primary nutrient pathways. This is a simplification of the naturally occurring hydrological processes, but is necessary to obtain an operational model for investigating nutrient pathways. Moreover, overland flow rarely occurs in Danish catchments and this component therefore covers both real overland flow and preferential flow.
In Table 2 the contribution of quick flow (overland flow + interflow) to total flow is shown for each catchment. The table is sorted with respect to ascending importance of quick flow. The observed hydrologic response is clear. In catchments dominated by sandy Table 2 The characteristics of each catchment together with calculated N surplus at the field level (1993/1994) , N leaching from the root zone (at normal climatic conditions but reflecting agricultural practice during 1993/1994), N loss from agricultural areas measured at the outlet of the catchment (average 1993-1997), N retention (difference between N leaching and N loss) soils, baseflow is the dominant runoff component (67%), whereas in loamy catchments the quick flow components account for on average 59%.
In order to analyse the implication of the hydrologic pathway on N transport from root zone to water course an empirical relationship between N retention and quick flow was established. The relationship explains 53% of the variation in N retention and is highly significant (p < 0.001), as shown in Figure 3 . It is hence demonstrated that understanding of the hydrologic pathways within a catchment is crucial when evaluating the effects of agricultural practices on N loading of surface waters.
Conclusions
A detailed questionnaire survey of agricultural practices showed large regional differences in N surplus at the field level and root zone N leaching. There is, however, no straightforward relationship between agricultural practice and catchment N loss.
Catchment hydrological modelling showed that the introduction of hydrological pathways is necessary in order to understand the relationship between agricultural practices and N loss.
Modelling of water and nutrient fluxes within catchments should continue and should incorporate spatial and temporal dynamics so as to reach a stage where scenarios of the effects of changes in agricultural practices on catchment N loss can be calculated.
